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BLOCK CODING FOR MULTILEVEL DATA COMMUNICATION 

The present invention relates to block coding methods and apparatus for multilevel data 
communication. 

5 

In many communication systems, including both wired and wireless transmission systems, 
there are strict limitations on transmit signal bandwidth. Such limitations impose a demand 
for signal modulation with a number of levels greater than two. Many conventional systems 
employ Trellis-coded modulation (TCM) in such applications. 

10 

There is a growing demand for communication systems, including both wired and emerging 
wireless transmission systems, that require modulation to be accomplished with a number of 
levels greater than two, mainly due to strict limitations on transmit signal bandwidth. 
Trellis-coded modulation (TCM) is an example of a conventional modulation scheme for 
15 such applications. However, a problem associated with TCM is that it is unsuitable for 
iterative decoding. Therefore, farther improvements in signal quality at an acceptable 
complexity are difficult to achieve. 



"A turbp TCM scheme with low decoding complexity." C atena Netwnks Inc.. Temp orary 
20 P - Qcurnent BT-090, ITU-T Study Group I S Question 4. Goa. India. 23-27 Oct. 2000 
"Proposal of decision making for turbo co ding and renort of performance evalua tion n f 
proposed TTCMfPCCO with R-S code and without R-S code." Mitsubishi Electric Cnr p , 
Temporary Document BT-003. ITU-T St udy Group 15. Goa. India. 23-27 Oct. ?.ono and _ 
"Results of the requirements requested in t he coding ad hoc report." Vocal Technolog ies Tntv, 
25 Temporary Document HC-073. ITU -T Study Group 15. Question 4. Hunteville. Canada, 31 
July - 4 August 200Q, describe turbo-coding schemes for multilevel ADSL and VDSL 
transmission. These tutbo-coding techniques involve encoding of the information bits by 
parallel concatenation of conventional encoders in recursive systematic form and iterative 
decoding by one of several possible turbo-decoding techniques. "Block product turbo codes 
30 for G.dmt.bis and G.lite.bis." Globesp a n Inc.. Temporary Document BA-063. ITU-T Study 
Group IS, Question 4. Antwerp. Belgium . 19-23 June 20nn describes the application of block 
product codes using component Bose-Chaudhuri-Hoequenghem (BCH) codes and their soft 
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iterative decoding based on the Chase algorithm, these techniques offer some performance 
enhancements over Trellis coding at the expense of incurring additional complexity. 

Another coding technique uses Low Density Parity Check (LDPC) block codes. As indicated 
5 m & a Maggr, "Low-density_paritv-check codes." 7W. Tnfn Th*nry. vo ], rr-R p p 
21-28, Jan. 1962 , J. ,Q. MacKay and R. M . N eal. "Near Shannon limit Qerjgrjn^ ? f 
Lag density parity check codes. Electron , Lett^ voL 32. no 18. pp. Aug. IQ Qfi, ^ 

L C. MacKay, "GOOd erTOT-correctinft c o des baseff on very sp a rse matrire c;' lJ?fiF T^»o ^, 

fefeaa, Z&aa vol. 45. No, 2 pp 399.431. m*, 1000 md fossortpp M i P r 

10 MffiALJEVIC - M " and ™ AI - H - : "R^nced co^ pl^ ty iterative fl ftcodinir nf i™, 

parity check cede, fr ggd fee jjsf pronation" TPF.E Tr,n« rw— 1990 . A7 ^ ^ 
622,680 , coded modulation using LDPC codes has to date focussed on applications 
requiring binary modulation such as wireless systems or digital magnetic recording. 

IS K- R, Naray anan and T I i ^aadwjdjh efficient 1r> w «^. y ^ rn%1JjjM 
multUevel coding an d inter s imHtfrfinr decoding' P,^ on 
Brest, Fran^, pp 16 V168, Sept 2000 describes a multilevel coding technique based on 
binary LDPC block codes. This technique uses LDPC block codes for bit-interleaved" 
modulation or for multilevel coding with iterative multi-stage decoding. For bit-interleaved 

20 LDPC modulation according to this technique, all the bits used to select a multilevel symbol 
are LDPC code bits. For multilevel coding, several LDPC block codes are used as component 
codes in a multilevel scheme. This technique has the drawback of requiring more than one 
LDPC encoder/decoder, leading to substantial implementation complexity especially for long 
codes and/or large constellation sizes. 

S^ de i w p arity check mod,,! ^ for ADSy Aware T ^Temnorarv 
SfcQ SLJJU.T S tu dy C ™n p H, Question 4, Goa; mdin 2 3-27 Oct^r ^ ^ describes a 
multilevel coding technique based on binary Lok block codes. This technique is similar to 
TCM, except that LDPC coding is employed instead of conventional coding, m particular, 
30 set partitioning follows the same principle as that used In TCM. This technique has the 
drawback of requiring an additional Bose-Chaudhuri-Hoeguenghem (BCH) code which adds 
to system complexity. Also, set partitioning, as required in TCM and similar schemes, leads 
to poor performance for soft-decision based decoding techniques. 
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In accordance with the present invention, there is now provided a method for multilevel data 
communication comprising: dividing a set of information bits to be transmitted into a first 
group and a second group; encoding the first groqp to generate a block code ; selecting a 
5 subset of symbols in a constellation of symbols in dependence on the block code according to 
a Gray-coded mapping function; selecting a symbol within the subset in dependence on the 
second group according to a Gray-coded mapping function; and, transmitting the selected 
symbol. 

10 Preferred embodiments of the present invention further comprise receiving the selected 
symbol and recovering the set of information bits; from the selected symbol. The recovering 
of the set of information bits may comprise soft demapping the received symbol to generate a 
probability for each of the bits represented in the symbol to have a particular value and 
decoding the received symbol to recover the set- of information bits in dependence on the 

15 probabilities generated by the soft demapping and the received symboL 



Viewing the present invention from another aspect, there is now provided apparatus for 
multilevel data communication, the apparatus comprising: a divider for dividing a set of 
information bits to be transmitted into a first grou£ and a second group; a block encoder 
20 connected to the divider for encoding the first groip to generate a block code; and, 

a symbol mapper connected to the divider and thdblock encoder for selecting a subset of 
symbols in a constellation of symbols in dependeibe on the block code according to a 
Gray-coded mapping function, selecting a symbol within tbe subset in dependence on the 
second group according to a Gray-coded mapping function, and transmitting the selected 

25 symboL j : 

i • 

i : 

Preferred embodiments of the present invention comprise a receiver for receiving the selected 
symbol and recovering the set of information bits jfrom the selected symbol. The receiver may 
comprise: a soft demapper for demapping the received symbol to generate a probability for 
30 each of the bits represented in the symbol to have a particular value and a decoder for 
decoding the received symbol to recover the set of information bits in dependence on the 
probabilities generated by the soft demapping anfl the received symboL 



® 



08-01-2001 



10 



15 



20 



25 



CH9-2000-0087 

The present invention also extends to a communicaions device comprising an information 
source for generating a set of information bits and apparatus for multilevel data transmission 
as herein before described connected to the infonJki source for transmitting the set of the 
information bits, 1 

The first group may comprise least significant bits Af the set of information bits and the 
second group comprises most significant bits of tteLt of information bits. Alternatively the 
first group may comprise most significant bits of tlfe set of information bits and the second 
group comprises least significant bits of the set of information bits. 

The pmsen. invention advantageous offcs surflrior performance i„ tern* of achievable 
coding gains, Thfc is because, block ccdi-g sdfcmes can be doodad rterarively, thereby 
leading ro sobsmnti,, performance gain, as eompakd to BaUi^odad modulation. Particuiarty 
pre embodiments of thepr^ent cfcp^a mulnIevel erKO(Un8 ^ ^ 

on LDPC cod« or staph, product codes to g, «» nMd tattrleaviog ^ ^ ^ 
decoded via the !imple (s t A) „ ^ 

LDPC codas provide an incmaae the Signa. ,o gano (SNR) gain, Turbo codas may 
also be empioyed. to genatal, tntbo codas ata Lodad in an iterative fashion utihatag I 
complex aon-inpu, ^-output BaW^ke-XaUuL-Raviv (BCJR) algorithm or sob optima! 
vers™ rharaof. However, in comparison ! «, t0Ibo ^ ^ ^ ^ 
asymptorically a superior perfcrmance; with™, sobering from HooK , ^ admit 
rarge of tradeoff, between performance and daLiag compiexiry. Tbamfore. LDPC codas 
are prafartad. Howavar, i, win ba appmctaed .blithe preSMt mventiOT „ 
to 04a, classes of block code* such aj product ofc ^ repeat-accumuteta codaa 



addressed either by use of binary LDPC 
fwever, the latter approach requires higher 



30 



Multilevel modulation using LDPC codes can 
codes or by use of non binary LDPC codes 

i ~ «fjfiv«vii requires nigner 

tmptanentation complexity man mi format, ferric,*,,, pteferre d embodiments of the 
present invention to ba described shortly tap*!** ^ mmhM 

binary LDPC codes. ! h 

V 

Viewing the present invention from je, another Lc, mar. U provided a multilevel coding 
scheme for block codaa that uses a combiuatiojjof btocloencoded bta and uucodad bits in 



selecting multilevel symbols, the advantage of allowing for uncoded bits in the mapping 

function is increased flexibility, particularly in selecting the size of the QAM symbol 

■ 

constellations. Another advantage is additional 
efficiency. Irrespective of the block code employ 
5 2D symbols is sufficient to achieve acceptable 
greater than 16. 



(performance gain due to high spectral 
encoding the 4 LSBs of the transmitted 
brroance for all constellations of size 



nt invention* there is provided a carrier 
ed multilevel transmission and iterative 



In an especially preferred embodiment of the pn 
transmission method comprising partially block- 
10 decoding. The method is applicable to both single! barrier and multicarrier systems. Because, 
in accordance with the present invention, interleaving can be avoided, the present invention is 
particularly applicable to systems requiring low encoding latency. 

F 

K* 

Preferred embodiments of the present invention will now be described, by way of example 
15 only, with reference to the accompanying drawing!, in which: 

I? 

Figure 1 is a block diagram of a communication ststem embodying the present invention; 

■ if* 

i V 

r- 

Figure 2 is a block diagram of a transmitter of theteommtinication system; 
20 ; If 

Figure 3 is a block diagram of a receiver of the coKimunication system; 



25 



Figure 4 is a graph of symbol-eiror probability vdfeus SNRwm for a 64-QAM communication 
system embodying the present invention; 

Figure 5 is a graph of j symbol-error probability versus SNRnon, for a 4096-QAM 

(I 

communication system embodying the present intention; and, 



Figure 6 is a graph demonstrating the performances of an example of an LLR-SPA for an 
30 additive white Gaussian noise channel. 



Referring first to Figure l,ja preferred embodiment of the present invention comprises a 

i IT 

transmitter 10 connected to a receiver 20 via a f&rnmunication channel 30. In operation, the 
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bansouttar 10 tacaivas aaeaua^ of ia[om ^ n ± 50 ^ ^ infcnMtiM ^ ^ ^ 
transmits couvars to inforrnanon biK 50 tal0 mv Lavel symbols oO tor txansnuMct, «, to 
reaatvar via to cotntnuuiaauorf ctaual 30. T te Jiw symbols Mnof| 
baving a «, pan and „ ^ ^ ^Xnioabon ctaaMl 30 introduce5 rais0 to 

5 fcamuMaval symbols ^^aflowof^^^™^^ 
20. Tba reiver then seriaUy recovers tn. mformaL, bits from tae The 
recovered information bi* 80 fa then suppUed to 1 recipient system (nM ^ 

j : 

20 «o a first ^ «. a sdcond w The X ^ 110 ^ 



generate a block code. The 
encoder for selecting a subset 



'rises a multilevel decoder 140 and a soft 



Symbol mapper 12$ connected to the divider and the block 

receiver v , a ««. « • ? - T mapper 120 communicated to the 

receiver 20 via the communication channel 30. ifce divider ion m«„ • , 
registerorsi^ariogicalfunction. " ^ 100 ^ demented by a shift 

20 

J 

With reference to Figure 3, jhe receiver 20 cor 

a™ Ua * operatic, L „oi Sy mUM ev.t ™ ^ 2 

demapper 130 to provide sorf infbrtnaion » ^ J*"™ 8 " y ** soft 

suppUed to arecipieo, J ^ T ^ «««— — » 

ffcferrutg back to Figure l.jwiB be w-dJL .be trta^ 10 Md ^ M 
processor p^^ W J ^ „ «■"» 

t tK-awreciatea that the Junctions of transmitter 10 
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and receiver 20 may be integrated in a unitary 
integrated circuit (ASIC) transceiver device. 



When the symbol constellatic n employed in the 



5 constellation (i.e., b is even), 

the noise at the input of the 

achieved independently for thfe real and imaginar 

The computational complexity of soft demapping 

joint demapping of real and 
10 therefore be considered for the purposes of this 

other types and shapes of constellations can easilj 

multilevel LDPC encoding an< I 



d< rice 160 such as an application specific 



: md provided that 
soft demapper 130 



15 



Each symbol in the set A is 
significant bits (LSBs) (x b< 

distance between the symbc 

20 (MSBsX^fc-ux^2^..,^.+i, 
LSBs and b v MSBs each fa 
symbol labeling and mapping 
this approach is different 
description of conventional 

25 coding with multileveypha.se 



3X-»<Aij0.i =-1,/ ^=+1 A^x = +(L~i)}. (1) 

abeled with a binar lb-tuple <x*-i ? XM..«tXi.*o). The breast 
i,x* e -2,~..XL*o) lafel subsets of the set A> The subsets 

so as to maximize the minimum Euclidean 
s within each suttee. The b u » b~b v most significant bits 
label the syir >ols within a subset. Furthermore, the b c 
ow a Gray coding rule. Table 1 below gives an example of 
for the case L = 16 iNote that the symbol mapping obtained by 
conventional trellis-coded modulation. A 



pp. 55-67, Jan. I9fr2. 



decoding for L-ary *AM 
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symbol mapper 120 is a square QAM 
in-phase and quadrature components of 
ire independent, soft demapping can be 
parts of the complex symbols received, 
substantially reduced in comparison with 
ointly. Square QAM constellations will 
4 cplanation. However, extensions to cover 
be derived. It will thus suffice to describe 
(L = 2) with the symbol alphabet 



fom the one used ii 

to ellis-coded moduli in is provided in G. Ungerboeck. "Channel 



ignals/' IEEE Trail 



j on Information Theory. Vol IT-28. No, fl. 
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T able l: Examp l. of labe1inp f^ fa ^ ^^ b _ = a ^ h _ 



With the above labeling, an L-ary symbol is j 
5 uncoded information bits. If coding is achieved L 
the information block length and N being thej 
results in a spectral efficiency of 



to convey b e LDPC code bits and b tt 
i a binary (NJK) LDPC code with K being 
length, then this mapping technique 



10 



T} = -jfb c + fc u bits/s/Hz 

Decoding of the LDPC-coded signals is ac 
decoding is performed for the sequence of least) 
sequence of b H uncoded bits is estimated. j] 



J 5 Denoting by y the received real signal (correspi 
of the received complex signal): J j 

y~A + n 



(2) 

jd in two steps: in the first step, LDPC 
ficant b ( bits and in the second step the 



I. in general, to the real or imaginary part 



(3) 



20 With A 6 A and n an AWGN sample with ya»nce ^ ^ „ Mkto • • L .... 

f*v wiiu y«Kice a n , me a posteriori probability (APP) 

that bit^,A = 0, \...,b e ~ 1, is zero (alternaiiMne) is computed as: 
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Pr(x, = 0 | y) = 



Where the summation in the numerator is taken j 
5 Iterative LDPC decoding is achieved by the 
APPs. 

In the second decoding step, the K MSBs arc 

a 

determining a subset A,* based on the recovered 
10 Euclidean distance symbol-decision within this 
involves a relatively low implementation compl 

To illustrate the performance that can be achie\ 
herein before described transmission is cons: 
15 and 4096-QAM. The results are presented in te 
signal-to-noise ratio (SNR**^ defined as 
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SNR 



norm - y„ 

20 where Ei/No is the ratio of energy-per-bit to 
code used in the simulations is due to MacKay. 

The graph of Figure 4 is based on 64-QAM 
performance for the cases where b u = 0 (no unt 
25 symbol). 

Rgure 5 shows the effect of introducing un< 
dimension) by plotting system performance wil 
(f>« = 0, 2, 3, 4 f and 5, respectively). ! 

30 



(4) 



er all symbols A, e A for which x; m = 0. 
uct algorithm (SPA) using the above 



limated for each received signal by first 
code bits and then making a minimum 
ibset This second decoding step therefore 



with the multilevel modulation technique 
over an AWGN channel using 64-QAM 
3f symbol-error rate versus the normalized 



(5) 



-power-spectral-density. The (1998,1777) 



3 along each dimension) and shows 
bits) and b u - 1 (2 uncoded bits per 2D 



bits for 4096-QAM (b = 12 along each 
4, 6, 8, and 10 uncoded bits per 2D symbol 
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10 

Figures 4 and 5 demonstrate that it is generally su| 
acceptable performance. 

Decoder complexity can be reduced in various w: 
5 be included in the sum appearing in the denomio 
the closest L' < L nominal levels are determined 
these L' levels only. The resulting loss in p 
approach can be taken for the numerator term 
nodes in the SPA need not be a posteriori proba 
10 ratios. Various simplifications of the SPA can 
depending on specific applications. 
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The multilevel techniques herein before de 
modulation systems. Examples of such syst 

15 systems and filtered multitone modulation sys 
systems, hi multicarrier modulation, as each 
transmission to the channel characteristics, the 
vary from one carrier to the next. Coding is not 
rather "across" subchannels. Therefore, the . 

20 coding to be achieved in a very flexible way 
accomodated efficiently. 



icient to encode two LSBs only to achieve 



i. For example, not all the L terms need to 
of Equation (4): if for a received signal y 
summation can be modified to include 
finance is usually very small. A similar 
furthermore, messages passed between the 
ities but can be likelihood or log-likelihood 
adopted for different implementations 



ied are suitable for use in multicarrier 
s include discrete multitone modulation 
such as ADSL, ADSL lite and VDSL 
ier adapts the spectral efficiency of its 
iployed multilevel symbol constellation can 
aformed separately for each subchannel but 
•vision of uncoded bits allows multilevel 
mse different constellation sizes can be 



The underlying error-correcting code need noi 
block codes can also be employed. For cx 
25 described in D. Divsalar, H. Jin. «n rf p t 



codes/' proa. 36* Aileron r on f. „„ rrtwtm . 



fflinois, pp. 201-210. Sftpt iqqs, and H. Jinj 



We, 



Repeat-Aranm.^ a t» Codes." jW t Jnt Svmp 
2QQ0, which can be understood as a paiticuj 
30 Similarly, array codes can be employed. When! 
parity check matrices exhibit spaiseness which! 
codes using the SPA or low complexity derivai' 



limited to LDPC codes. Other types of 
i. the family of repeat-accumulate codes 
gljece t "Cod ing theorems for '^rt^^ 
jftfefe, Control fMLCimvutino. Ajfet tOJ L 
i&aadekar. and R MrBi isce , "Tm» r fr r 
X . uk*>o-Cod,.s , Bres t, Frft pr e p p. 1-8. Se. P « 
foim of LDPC codes, can be also used, 
iv codes are viewed as binary codes, their 
ian be exploited for decoding them as LDPC 
es thereof. Array codes are described further 
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in M.Blaum, PJarrell. and H.vaq TUborg. "Array 



V.S Pleas and W.C.H uffman Eds.. Elsevier 1998. 

As mentioned earlier, LDPC codes can be decodcc 
5 algorithm (SPA). The SPA is described in the afor 
"Good error-correcting codes based on very sparse 
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codes", in H andbook o f Coding Theory. 



the receiver 20 via the sum-product 
mentioned reference D. J. C. MacKav. 
atrices IEEE Trans, on Inform. Theory t 



vol. 45, No. 2, pp. 399-431, Mar. 1999. The SPA < 
with a given sparse parity check matrix H having - 
types of nodes: AT symbol nodes corresponding to < 

10 nodes corresponding to the parity checks />cm*>. 1]| 
matrix H. Each symbol node is connected to the c 
node is connected to the symbol nodes it checks, 
between symbol nodes and check nodes. The mes 
probabilities (APP) or log likelihood ratios (LI 

IS alternately compute updates of all symbol nodes 

The computational complexity of the SPA is gov< 
probability domain, such computation involves 
involving a plurality of probabilities. In the log 

20 computation of the inverse hyperbolic tangent of I 
LLRs. Mackay demonstrated via computational 
of approximately 0.2dB associated with such coi 
can be substantial in terms of block and symbol 
error curves of LDPC codes. An SPA having u 

25 incurring a loss in performance would be clearly! 



jeratcs on a bipartite graph associated 
rows and N columns. This graph has two 
:h bit in a code word x, and M check 
m<M 9 represented by the rows of the 
:k nodes it participates in, and each check 
le SPA operates by passing messages 
res themselves can be a posterioiri 
Typical message parsing schedules 
of all check nodes. 

led by the check node updates. In the 
summation of the product terms each 
t, the check node updates require 
product of hyperbolic tangent functions of 
lulations that there is a loss in performance 
rentional techniques. This performance loss 
ror rates because of the steepness of the 
itantially reduced complexity but without 
isirable.. 



In a preferred embodiment of the present invent 
based on a difference-metric approach on a two : 
max. approximation. The aforementioned Fos 
30 max. approximation. The approach can be thoug 
two state parity check trellis. The approach usesj 
difference of logs, which is the LLR of the prot 
requires one sign bit manipulation and one < 



, an approximate check node update is 
ite trellis. This approach employs a dual 
[er reference describes an example of a dual 
tt of as similar to a Viterbi algorithm on a 

difference of state metrics, i.e., the 
iilities. The approach is recursive and 
son at a time. This greatly simplifies 
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computational implementation and facilitates paralll recursive operation in a general purpise 
Digital Signal Processor (DSP) environment, or in |n application specific integrated circuit 
(ASIC) or similar custom logic design. 



5 In a particularly preferred embodiment of the pres 
algorithm is improved by introduction of a correct 
the addition of a constant at every recursive step, 
offset with the appropriate polarity. The addition . 
computational complexity. It is found that the cc 
10 algorithm to within 0.05dB of the performance of I 



it invention, the performance of the 

factor. The correction factor involves 
le added constant can be viewed as a fixed 
3S not significantly increase j 
ion factor bring the performance of the 
: full SPA I 



In a preferred embodiment of the present invent 
soft input/output detection method for decoding I 
information between the soft demapper 130 and i 
13 fashion. This decoding method advantageously . 
SPA, but with considerably reduced complexity. ' 
prior to LDPC decoding. LDPC codes can be dec 
soft input/output algorithm in a manner which is ■ 
conventionally employed for decoding turbo cod 
20 exhibit asymptotically an excellent performance 
offer a range of tradeoffs between performance i 



to be described shortly, there is provided a 
>PC codes by exchanging reliability j 
multilevel decoder 140 in an iterative i 
ivers similar performance to that of fujjf 
encoded data is demapped into soft bits 
in an iterative fashion via a complex 
lputationally simpler than that 

i 

i. Also, as mentioned earlier, LDPC codes 
fithoat "error floors". Further, LDPC codes 
decoding complexity. j 



Following the notation employed in the aforemei 
AT(m)={n ;H mj ,=> 1} be the set of bits 

25 M(n) m { m : H m , R = 1 } be the set of checks in 
element n from N(m) or mfrom M(n) is dei 

is the transpose of H. Finally, let y= (y, y N ] 

the transmitted codeword * = [xi,...,xv). 
MP(x„ = lly„yp(Ac„ = Oly„)) or, equivalently, 

30 which are determined by the channel statistics, 
following steps: 



toned Mackay and Fossosier references, let 

participate in check m, and llet 
ich bit n participates. The exclusion of an 

i 

by N(m)\n or M(n)\m, respectively, anjd H T 
>e the received sequence that corresponds to 
inputs of the SPA consist of LLRs 
of APPs P(*»«lly rt )andi>(^=(Jiv„), 
[Operation of the SPA then proceeds in the 
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Initialization: qm*(x) = P(*„ =» x I y „) for je =s 0, 1 



Sft?p 1 (check-node update): For each m and n s iV( 



+41 1 724- 89 si-» 
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f 



n), and for x - 0, 1 , compute 



P(pc m (x) = 0 1 x n = {§,< : ri e AT(m)Vi}) ^ JT ^ <w(*»')> 



where the conditional probability In the suramalon is an indicator function that indicates 
whether the m~th check-sum is satisfied given the lypothesized values for x h and {x n > } . I 



1 0 Step 2 ( symbol-node update): For each n, and m ewf{ri) , and for x ~ 0, 1 , update 



iff 



15 



where the constant //^ is chosen such that qmjiQm* qmAl) = 1 . 



For each n and for x = 0, 1 > update the '^udopolterior probabilities" q„Q as 



20 where the constant ix n is chosen such that g„(0) = 1 . 



(6) 



Step 3: (a) Quantize x= [x i r . . . t $ N ) such that x n f 1 if > 0.5 , and 
*«-0if <z„(l)<;0.5. 

25 (b) If x/f T = 0, then stop and x is the deloder output; otherwise go to Step 1. [ 



(c) Declare a failure if the algorithm doe| not halt within some maximum 
number of iterations. 



30 In a preferred embodiment of the present inventon, LLRs are employed as messages in place 
of APPs. This permits replacement of the raultijlications in Step 2 of the SPA with additions. 



13 
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Step 3 can also be easily adapted for LLRs- Advjfctageoysly, LLRs can also be efficiently 

used in Step 1 without converting between LLRs aJti APPs. 

J 

if j 

Simplified Sum-Pr oduct Step Using Log-Li kclihodli Ratios: 

S 1 \ j 

I 

>i j 

In general, each check-sum pc m (x) can be viewjd afe a single-parity check code on Che 
k = W(my symbols it checks. The node messaJIs r*,„(x) of Step 1 can be regarded as 
extrinsic information for *„ given the statistics These messages can be computed by 

the forward-backward algorithm proposed by jlfadkay on the two-state trellis of the 
10 single-parity check code as follows (where ® den^ps Jddkon modulo 2): 

II ! 



initialization of state metrics: a 0 (0) = 1, a 0 (l) « of; #|o>L l, 0 k (i) = o ; 
forward recursion: For f=l, 1 and x-- 



i i 



15 



backward recursion: For i = (k- 1),..., l and L=b, 't 

I ! 

combining recursion: For i = l,...,jfc and :j#0, 



(7) 



20 



In the LLR domain, let SA, =s> In and 5Bj & j 
be viewed as the forward and backward differer 
25 of a difference-metric approach to the dual- 
channels is described in QLCER. S.. amri h n 



1 i 



partial response channels'. 1993 IEEE Tnt Sj 



-i<il)#(*«»l) 



; Jjjf J Note that the LLRs M, and dB f can 

j 

m Jtrics in the log domain. The application 
detector for partial-response class IV 
LEIIB6ECK. P.: 'Reed-Mnlter coding for 



). d a Information fh eorv. San Aqtonio. TX 
(IEEE, Piscataway, 1992), P, m . Consid<?r|he twjo-state parity-check trellis using the 
difference of state metrics, i.e., the difference! of k>| arilhms, which is merely the LLR of the 
30 probabilities. Consider also the ibllowkg LLRsfcJ^ |n^| and A„^ln^§. Usingthe 
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above definitions, the standard approximation hi pxp4/»maxa; and the dual-max rule 

: ■ 1 I 

AmtnrihmA in VTTERBT. A. J.: 'An intuitive iustilfi ation and a simplified implementation of 



the MAP decoder for convolution^ codes'. IEbB 



260-264. the forward recursion (7) can be rewrittiei as 



sa 1 °i-it°Wi>*»Ma)<i«.i{0> 



10 



= ln{expOUi) + exp(5AM)} - ln{l + exp#4 

: i 

. i 
j s 

^ Tnax{^, 5A^\) -max{0, A m j+SAi~i}\ 



! ! 



{ 



-sgn(MM)^ if |5Ai-il>U«,il ? 
-sgn(A m ,,->5A/-j otherwise, i 



15 



where sgn(.) is the sign function. 



The backward and the combining recursions c i be reformulated in a similar way, which 

[i > i 

results in the following LLR version of the forvv< d-b4cicward algorithm: 



20 initialization: 

forward recursion: 



Mo - <*> and dBt = 
For i = 2... k~ I 



M 

! 

i 

Q0 



! 



aAi = { -sgn(A 



25 



backward recursion: For i = k-1 ... 1 



-sgnffifi 



-sgn(/U,, i>5Z ^i 
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Sri. Kreas Cnmmun.. 199 8. 16. <2\ pp. 



> I 



(8) 



(9) 



i s 



•m,l 
i-1 



if \SA i - i \>\X m j\ 
otherwise 



00) 



if \$B M l> \Xmjrt\ 

otherwise 



(11) 
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1 -sgn^.tjAf 



if |<5A M I>«B,| 
' otherwise 



(12) 



5 Correction Factor for th f pud-Ma* A ppnY jr 

The simplified SPA that results from using 
will be called the LLR-SPA because it op, 
has a slightly lower performance than the full 

a fetor « be applied „ ^veL IfalU fro I^~J 

and (9). Using the identity 1 1 1 ! 



ia«bs 1Q) to (12) for the check node updates 
» Hitirdy in the LLR domain. The LLR-SPA 
Following the aforementioned Viterbi 
AK. P. Or IgHBBlifiaj MAP algorjfoat 



1.5 



In{exp(*)+expCy)} - max{^y} = lrJi fUpf-fe-y!)}, 

I ! f I •• 

it can be shown that the approximation errdr ' il (L ; TO ;„„ C ™ 

faction » ' *" * 1 " * VM by the bivariate 



20 



where «»«5A„ and v = A m>i . In practice, en 
correction factor c, i.e., 



;be approximated by using a single 



c if Ik + vI>2I»-vI aiid I Vat 4 vl< 2 



/(",v)*{-c if l«-vl>2l« + vl 
0 otherwise 



a id 1 1« f vl < 2 



25 



A similar correction factor applies to the 
recursions. The constant c can be selected tdmi 
interest with respect to bit-error rate or sign i 



ppjjxnftatxons in the backward and combining 
ifee-the performance gains in the region of 
|-t«noiie ; ratio. Figure 6 shows the performance 
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of the LLR-SPA with correction factor c = 0,5 fori 
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itive while Gaussian noise channel 



using the same rate- 1/2 LDPC code with Af*=i04 as in the aforementioned Fossorier 

reference. For comparison, the performance of the 111 SPA and LLR-SPA is also shown. The 

> Ij ] 

number of iterations for the two sets of curves sh«pn is at most 10 and 200, respectively. It 



can be seen that LLR-SPA with correction factor\ \ 
SPA. 



IL 



!1- 



. within less than 0.05 dB of the full 



08-01-2001 




C>- 4 - ± 



Iff 




1 . A method for multilevel data communication j p 
dividing a set of information bits to be transmitted 
5 encoding the first group to generate a block codej; 
selecting a subset of symbols in a constellation ojf 
according to a Gray-coded mapping function; j 
selecting a symbol within the subset in depended 
Gray-coded mapping function; and, j 
10 transmitting the selected symbol*. [ 



2. A method as claimed in claim 1, wherein the 
group to generate an LDPC code. 
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fsing: 



to 



l first group and a second group; 
I ols in dependence on the block code 
he second group according to a 



ing comprises LDPC coding the first 



15 3. A method as claimed in claim 1, wherein thi i 
group to generate an array code. 



25 



icoding comprises array coding the first 



4. A method as claimed in any preceding claim. IhJein the first group comprises least 
significant bits of the set of information bits Jf tie sjcond ^ coraprises most 
20 bits of the set of information bits. 



5. A method as claimed in any claim preceding 
most significant bits of the set of infonnation tjti 
significant bits of the set of information|bits. 

6. A method as claimed in any iprecec 
selected symbol and recovering the set 6f infojr 



jairj 4 # wherein the first group comprises 
indthe second group comprises least 



7, 



A method as claimed in claim 6 wherei 



30 comprises soft demapping the received symbol 
represented in the symbol to have a particul 
recover the set of information bits in .depende: 
demapping and the received symbol . -I 



claim, further comprising receiving the 
ftiom bits from the selected symbol. 

lelrecovering of the set of information bits 
• gi merate a probability for each of the bits 
val le and decoding the received symbol to 
le ( n the probabilities generated by the soft 
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8. Apparatus for multilevel data communication, tlie ap paratus comprising: 
a divider for dividing a set of information bits to tejtran iotitted into a first group and a 

second group; I [ 

! f 

5 a block encoder connected to the divider for encoding t|e first group to generate a block code; 
and, 

a symbol mapper connected to the divider and die bloc! encoder for selecting a subset of 
symbols in a constellation of symbols in dependence oi the block code according to a 
Gray-coded mapping function, selecting a symbol With n the subset in dependence on the 
10 second group according to a Gray-coded mappjrjg func ion, and transmitting the selected 
symbol. 

9. Apparatus as claimed in claim 8, wherein the ehccw er comprises an LDPC encoder for 



coding the first group to generate an LDPC code* 



15 



1 



10. A method as claimed in claim 8, w^jerein the 
group to generate an array code. I 



Oj whi rein the first group comprises least 



1 L Apparatus as claimed in any of claims 8 to 
20 significant bits of the set of information bits an & the second group comprises most significant 
bits of the set of information bits. 



enco< ing comprises array coding the first 



) ! - 

12. Apparatus as claimed in any of claims 8 to 10, 
most significant bits of the set of information bits ant 
25 significant bits of the set of infonnatibn bits. 



sane 

Mi 



wherein the first group comprises 
the second group comprises least 



13. Apparatus as claimed in any of claims] 8 tb 12, further comprising a receiver for 
receiving the selected symbol and recovering the s ft of information bits from the selected 
symbol. j 



30 



14, Apparatus as claimed in claim 13 whereih th| receiver comprises: a soft demapper for 
demapping the received symbol to generate a prob* bility for each of the bits represented in 



the symbol to have a particular v&ue and 



i decq ler for decoding the received symbol to 
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recover the set of information bits in dependence i>n 
demapping and the received symbol. 



^probabilities generated by the soft 



15. 



A communications device comprising an information source for generating a set of 
5 information bits and apparatus for multilevel data tf ansLssion as claimed in any of claims 8 
to 14 connected to the information source for tmns^ttL* the set of me information bits. 
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ABSTRACT 



5 A method for multilevel data communication compr sei 



be transmitted into a first group and a second group 
block code, selecting a subset of symbols in a 
block code according to a Gray-coded mapping fun£tic|L 
in dependence on the second group accprding to a 
10 transmitting the selected symbol.. 



consteUa ion 



Ora: -coded 
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TA COMMUNICATION 



ea :od 



dividing a set of information bits to 
ing the first group to generate a 
of symbols in dependence on the 
, selecting a symbol within the subset 
mapping function, and 
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6 coded bibttD-ayrrtbol 
4 coded hitsftO-avrWbol 



5.3363 biWHl) 
S>5575 b<Va/Hg) 



j — 

1- 



e 




IX coded bltyzD-symbol (10.«27 bil/VH*) 
6 coded bfoftD-dymbol (1 VHS1 Wi/^Vit) 
$ coded biteftD-syrflbci CU.3363 bif aVU) 
4 coded bts/ZD-aymbol (11.537$ bil/sMz) 
2 coded gta^Hggfeoj (1 1778a W/gMg 
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SPA 

U-R-SPA 

LLR-SPA 
With correction 




2.5 
(Eb/No) dB 

10 iterations 



3 



3.5 



200 iterations 
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